The vast majority of fitness-affecting mutations are deleterious. How natural populations evolve to cope is a question of fundamental interest. Previous studies have reported the evolution of mutational robustness, that is, natural selection favoring mutations that reduce effects of deleterious mutations elsewhere in the genome. Here, we demonstrate that when mutational robustness increases, finite, asexual populations' ability to purge recurrent deleterious mutations declines. Consequently, higher mutational robustness leads to higher risk of extinction by Muller's ratchet. We therefore hypothesize that in the long run, natural populations may instead evolve robustness against Muller's ratchet by increasing sensitivity to deleterious mutations, despite the short-term fitness consequences. We call this phenomenon "ratchet robustness". Using individual-based simulations, we first confirm that ratchet robustness is inversely correlated with mutational robustness on fitness landscapes without epistasis. Next, we demonstrate that negative epistasis increases ratchet robustness, precisely because on fitness landscapes with negative epistasis sensitivity to deleterious mutations increases as mutations accumulate. We also show that on a fitness landscape with adjacent fitness peaks exhibiting exclusively positive and negative epistasis, the populations will converge on the latter. On the other hand, introducing 1 even a vanishingly small region of positive epistasis on a single-peaked fitness landscape that otherwise exhibits negative epistasis is enough to entirely ablate ratchet robustness, exposing the population to Muller's ratchet. We conclude that while regions of the fitness landscape with higher mutational robustness could be favored in the short term, purely because of temporary fitness advantage, in the long run mutational robustness may render a population vulnerable to extinction. Some empirical support exists for this prediction.
order of magnitude. Therefore, we portrayed only the second type of uncertainty as an individual is brought back to the peak by beneficial mutations, the same p and 1 − p 94 apply, i.e., individuals can "travel" between the two domains through the peak. 95 
Results

96
In this study, we use individual-based simulations to evolve asexual finite populations 97 on four kinds of fitness landscapes with increasing complexity, in order to study how 98 fitness landscape affects mutational and ratchet robustness. On all fitness landscapes, 99 we implement a constant ratio of beneficial to deleterious mutation rates 100 (U ben /U del = 0.01, where mutation rate represents expected number of mutations per 101 genome per duplication, see Methods). This is equivalent to assuming that the number 102 of loci carrying deleterious alleles remains small compared to the total genome size. 103 This assumption is reasonable because individuals in our simulations have large genome 104 size (L = 100), and effectively reach zero fitness long before the effect of reversion 105 mutations becomes prominent. (Of course, evolving U ben /U del also influences ratchet 106 robustness, [5] , a point to which we return in the Discussion.) We define a fitness peak 107 as isotropic if the fitness of any genotype only depends on its Hamming distance from 108 the peak, i.e., on number of deleterious mutations, but not their identity (Eqn 1). We 109 hold population size constant in all our simulations, and regard populations in which all 110 individuals are carrying L deleterious alleles as being at extinction (see Discussion). We 111 first examine evolutionary behavior on fitness landscapes with a single isotropic peak in 112 absence of epistasis (Eqn 1 with = 0, Fig 1A inset ). Next, we introduce a pairwise 113 epistatic term to the isotropic peak (Eqn 1, = 0), distinguishing between negative 114 ( < 0, Fig 2A) and positive ( > 0, Fig 2C) epistasis. We then examine evolutionary 115 behavior on fitness landscapes consisting of mutationally adjacent isotropic peaks with 116 negative and positive epistasis ( Fig 3A) . Finally, we relax our assumption of isotropic 117 peaks and model populations evolving on hybrid fitness peaks where a fraction (p) of all 118 first deleterious mutations leaving the peak lead to domains of positive epistasis, while 119 the rest (1 − p) lead to domains of negative epistasis ( Fig 4A) . We start by studying whether populations on flatter fitness landscapes, i.e., those 124 with greater mutational robustness ( [4] ), are more resilient to Muller's ratchet than 125 ones on steeper landscapes. We constructed two fitness landscapes, each composed of 126 one isotropic peak but with different steepness (selection coefficients s) in the absence of 127 epistasis ( Fig 1A inset) . We simulated the evolution of finite asexual populations on 128 such landscapes under different deleterious mutation rates (recall U del = 0.99U ), and 129 recorded their fitness at equilibrium ( Fig 1A) .
demonstrate higher critical U del and thus are able to resist Muller's ratchet under 142 higher U del ( Fig 1A&C) . In other words, although populations on flatter landscapes 143 have higher mutational robustness ( [1, 2] ), they fail to maintain MSDE under higher 144 U del and thus exhibit lower ratchet robustness.
145
Populations on fitness landscapes with negative epistasis have 146 higher ratchet robustness than ones with positive epistasis Fitness landscapes with negative epistasis have higher ratchet robustness than ones with positive epistasis. A. Cartoon of evolutionary dynamics of populations on fitness landscape composed of one isotropic peak with negative epistasis. Curved dashed line: fitness landscape. Straight tangent dashed line: fitness landscape without epistasis that shares the same selection coefficient at the peak. Note that selection coefficient (the slope of the fitness landscape) increases with Hamming distance from the peak. Golden vertical line and horizontal dashed line: e −U del . B. Time course of average Hamming distance in 35 populations initialized at random points on isotropic peak with negative epistasis during 10,000 generations (N = 1000, s = 0.2, U del = 1.0, U ben = 0.01U del , = −0.25). Golden vertical line: same as in panel A. All populations converge to the attractor wherever they are initiated (green traces). C. Cartoon of evolutionary dynamics of populations on fitness landscape composed of one isotropic peak with positive epistasis. Curved dashed line: fitness landscape. Straight tangent dashed line: fitness landscape without epistasis that shares the same selection coefficient at the peak. Note that selection coefficient (equal to the slope of the fitness landscape) decreases with Hamming distance from the peak. Cyan vertical line and horizontal dashed line: e −U del . Violet vertical line: predicted point of no return (derived numerically from Eqn 7 in [5] ). D. Time course of average Hamming distance in 100 populations initialized at random points on isotropic peak with positive epistasis during 10,000 generations (N = 1000, s = 0.5, U del = 0.5, U ben = 0.01U del , = 0.25). Cyan and violet vertical lines: same as in panel C. Populations initiated above the point of no return tend to evolve to the peak (blue traces), whereas ones initialized below it tend to succumb to Muller's ratchet (pink traces). Realizations that fluctuate across the point of no return are colored in brighter blue and pink.
To understand how epistasis affects ratchet robustness, we added pairwise epistasis 150 to a single isotropic peak and studied two simple cases: peaks with only negative 151 epistasis (Fig 2A) , and ones with only positive epistasis ( Fig 2C) . Note that when 152 epistasis is negative, the local strength of purifying selection increases with Hamming 153 distance to the peak, and consequently deleterious mutations are less likely to 154 accumulate. On the other hand, when epistasis is positive, the local strength of 155 purifying selection decreases with Hamming distance to the peak, and consequently 156 deleterious mutations are more likely to accumulate. Since Hamming distance itself 157 increases with mutation rate, this suggests that a population evolving on an isotropic 158 fitness peak with negative epistasis might enjoy heightened ratchet robustness as a 159 consequence of negative feedback between mutation rate and the tendency to 160 accumulate deleterious mutations (Fig 2A) . In other words, as mutation rate increases, 161 deleterious mutations accumulate, but such accumulation is slowed by the increasing 162 fitness cost of each subsequent deleterious mutation. Conversely, a population evolving 163 on an isotropic fitness peak with positive epistasis might be particularly susceptible to 164 Muller's ratchet as a consequence of positive feedback between mutation rate and the tendency to accumulate deleterious mutations ( Fig 2C) .
Consistent with this intuition, we find that on isotropic peaks with negative epistasis, 167 selection will drive the population back to the peak ( Fig 2B) regardless of where on the 168 landscape it is initialized, if U del is below critical U del at the peak (i.e., the highest U del 169 at which the peak could be sustained by the population). On the other hand, even if 170 U del is above the critical U del at the peak, there exists a point on the landscape where 171 selection exactly offsets such U del , because purifying selection increases monotonically 172 from the peak (see also S1 Text). If a population is initialized below this point, selection 173 locally will be strong enough to push populations upward until this point is reached. If, 174 instead, a population is initialized above this point, mutation will be strong enough to 175 push the population downward to this point. This point thus represents an attractor 176 ( [5, 18] ), a stable equilibrium that must be achieved regardless of starting point on the 177 landscape.
178
Conversely, on isotropic peaks with positive epistasis, if U del is below critical U del at 179 the peak, populations initiated at the peak can maintain MSDE. However, because 180 purifying selection decreases monotonically from the peak, there exists a point on the 181 landscape where selection exactly offsets such U del . Populations initiated above this 182 point would benefit from selection stronger than required and adapt to the peak, while 183 ones initiated below this point suffer from selection weaker than needed, and succumb 184 to Muller's ratchet ( Fig 2D) . Therefore, we refer to this point as "point of no return". 185 Importantly, even if populations have equilibrated around the peak, stochastic 186 fluctuations will eventually take them across this point. Moreover, as U del increases, 187 selection required to oppose mutation naturally increases as well. Correspondingly, as 188 U del increases, the point of no return migrates towards the peak. This imposes a greater 189 danger of succumbing to Muller's ratchet for populations in the vicinity of the peak via 190 stochastic fluctuations. Finally, once U del is above the critical U del at the peak, the 191 point of no return overlaps with the peak and mutation overwhelms selection 192 everywhere on the fitness landscape.
193
Populations converge to peak with negative epistasis on strongly beneficial mutations become available, drawing populations onto the negative 205 epistasis side of the valley, after which they quickly climb to the attractor ( Fig 3B) .
206
(Note that U ben = 0.01U del on both sides of the valley, and consequently this behavior is 207 driven entirely by natural selection.) Moreover, populations above the point of no 208 return on the positive epistasis side will nevertheless experience stochastic fluctuations 209 ( Fig 2D) . Eventually, they will be carried over the point of no return, at which point 210 they will experience selection lower than required to offset current mutation rate and 211 decline to the bottom of the landscape due to Muller's ratchet, followed by convergence 212 to the negative epistasis side. Note that the two peaks share identical selection at the peak, meaning that the positive epistasis side has uniformly higher mutational 214 robustness but uniformly lower ratchet robustness. Hybrid peaks: while all first mutations leaving the peak share the same fitness effect, a fraction p of them cause subsequent mutations to exhibit positive pairwise epistasis, and the remaining 1 − p cause subsequent mutations to exhibit negative epistasis. Populations are always initiated at the peak. Here p = 0.5. B. Equilibrium proportions of individuals at the peak (black), the negative epistasis region (blue), and the positive epistasis region (pink), under different U del (U ben = 0.01U del , p = 0.5, N = 1000, s = 0.35, negative epistasis region: = −0.25, positive epistasis region: = 0.25, evolved for 10,000 generations, error bars: standard deviation across 50 replicates). Under U del less than critical U del at the peak (here ∼ 1.1; see main text), the subpopulation on the negative epistasis region exists in mutation-selection balance and relies on continual mutational input from subpopulation on the peak. After U del exceeds critical U del at the peak, the subpopulation on the peak goes extinct, and with it, the subpopulation on the negative epistasis region. At this point, the remaining population finds itself beyond the point of no return on the positive epistasis region (see main text), and it succumbs to Muller's ratchet. C. Equilibrium proportions of individuals at the peak (black), the negative epistasis region (blue), and the positive epistasis region (pink), under different U del (U ben = 0.01U del , p = 0.01, N = 1000, s = 0.35, negative epistasis region: = −0.25, positive epistasis region: = 0.25, evolved for 10,000 generations, error bars: standard deviation across 50 replicates). Population dynamics resemble p = 0.5 (see main text).
Biologically realistic landscape peaks are unlikely to be isotropic: fitness effects of 218 mutations at any Hamming distance usually depend on current genome background and 219 follow complex distributions. As a first attempt to capture part of the reality on our 220 model landscape with one peak, we now allow the sign of epistatic effects of mutations 221 to be dependent on the first mutation away from the peak. Specifically, a certain 222 fraction (p) of the first mutations now place the evolving population on a region of the 223 landscape exhibiting positive epistasis, while the rest (1 − p) place the evolving 224 population on a region of the landscape exhibiting negative epitasis ( Fig 4A) . 225 Concretely, among all the paths leaving from the peak, p of them show positive epistasis, 226 while the result 1 − p show negative epistasis. We assume that all first mutations share 227 identical fitness effects, so that there is no immediate fitness advantage in choosing the 228 region with negative or positive epistasis. However, for all Hamming distances greater 229 than one, fitness is necessarily higher in regions of the landscape with positive epistasis 230 than in regions with negative epistasis (Eqn 1). In other words, regions of the landscape 231 with positive epistasis have uniformly higher fitness and mutational robustness, but 232 lower ratchet robustness compared with ones with negative epistasis. Note that the only 233 mutational path between regions of this landscape exhibiting positive and negative 234 epistasis is through the peak. We evolved populations on such hybrid peak with p = 0.5 235 and report the proportions of populations residing exactly at the peak, in the negative 236 epistasis region, and in the positive epistasis region as a function of U del (Fig 4B) .
(here ∼0.2, Fig 4B, S2 FigA) , the proportion of the population on the negative epistasis 239 region is very close to that on the positive epistasis region. This merely reflects the fact 240 that p equals 0.5, since the fitness cost of the first mutation is the same. However, as 241 U del rises to moderate level (here ∼ 0.2 < U del <∼ 1.1, Fig 4B, S2 FigB) , the values of U del , a subpopulation on the negative epistasis region is still sustained despite 247 lower fitness, thanks to net mutational inflow from the subpopulation at the peak ( S1 248   Table) . In essence, the subpopulation on the negative epistasis region is at 249 mutation-selection balance within the population: constantly being purified by selection 250 but being regenerated by mutation from the peak.
251
However, after U del increases high enough that the peak can no longer be sustained 252 (here, ∼1.1), the proportion of the population at the peak become negligible ( Fig 4B, 253 S2 FigC). As a result, the negative epistasis region is disconnected from mutation input 254 from the peak and is quickly wiped out by selection. The remaining population now 255 occupies only the positive epistasis region. However, since U del has overwhelmed 256 selection at the peak, it necessarily does so also at every other point on the positive 257 epistasis region and the population quickly succumbs to Muller's ratchet. This threshold 258 recapitulates results seen when the point of no return overlaps with the peak for the 259 positive epistasis region (Fig 2C&D, although the numeric value of the critical mutation 260 rate differs here, reflecting its dependence on the contours of the fitness landscape).
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More importantly, the observed pattern does not depend on the particular value 262 p = 0.5: even when there is only a very small fraction of paths leaving the peak with 263 positive epistasis, subpopulations on the positive epistasis region of the landscape will 264 always be favored due to short term fitness advantage. Such advantage is amplified by 265 higher U del , so long as it remains less than the critical U del at the peak, i.e., the U del mutations, reach larger Hamming distances from the peak, and thus experience increased fitness differences. Eventually, populations on the positive epistasis region 269 dominate. Indeed, this phenomenon apparently occurs with much smaller p (p = 0.01, 270 Fig 4C) . At low U del , a fraction approximately equal to p of the population not on the 271 peak resides in the positive epistasis region. But as U del increases, this fraction increases, 272 again because fitness is higher there. And as we observe when p = 0.5 (Fig 4B) , once 273 U del exceeds the critical mutation rate at the peak, the mutational connection between 274 subpopulations on the fitness landscape is extinguished. At this point both 275 subpopulations are doomed. The (lower-fitness) subpopulation on the region of the 276 landscape with negative epistasis will lose its mutational input and go extinct. At the 277 same time, because U del exceeds the critical U del at the peak, it's certainly higher than 278 critical U del everywhere else on the positive epistasis region, meaning that the point of 279 no return has reached the peak and the remaining (higher-fitness) subpopulation on the 280 region with positive epistasis will necessarily succumb to Muller's ratchet.
281
Discussion
282
Our findings suggest that although mutational robustness may be favored in the short 283 term, resilience against Muller's ratchet, i.e., ratchet robustness, can be selected for in 284 the long term. We showed first that in the absence of epistasis, fitness landscapes with 285 higher mutational robustness are more susceptible to Muller's ratchet, meaning that 286 they offer lower ratchet robustness, and vice versa (Fig 1) . We next demonstrated that 287 landscapes with negative epistasis provide higher ratchet robustness, while landscapes 288 with positive epistasis are intrinsically unstable (Figs 2 and 3 ). Finally, while 289 mutational robustness may be selected for in the short term, this can lead to population 290 extinction in the long term (Fig 4, see also [19] ).
291
In all of our simulations, we implemented soft selection, where population size is held 292 constant. However, results won't be qualitatively different had we instead implemented 293 hard selection, thus allowing decreasing population size with Muller's ratchet (i.e., 294 mutational meltdown, [20] ). The reason is that decreasing population size renders the 295 population more prone to mutation accumulation, thereby amplifying the rate at which 296 the ratchet proceeds (see Fig 1C, where smaller populations have lower critical U del on 297 the same landscapes).
Negative feedback in mutation or selection can confer ratchet 299 robustness 300
In the presence of negative epistasis, decreasing fitness leads to increasing selection 301 strength, which halts fitness decline (Fig 2A) . Such negative feedback therefore protects 302 the population from Muller's ratchet, thereby providing superior ratchet robustness 303 relative to a landscape with no or positive epistasis (see Results). As previously noted 304 ( [5]), similar negative feedback could also be achieved through increasing the ratio of 305 beneficial to deleterious mutation rates (U ben /U del ) with decreasing fitness. While 306 negative epistasis enables more effective purifying selection, increasing U ben /U del 307 reduces occurrence of deleterious mutations. In other words, while negative epistasis 308 operates at the selection level, increasing U ben /U del functions at the level of mutational 309 input. For example, this quantity automatically increases during evolution because each 310 successive deleterious fixation represents a new beneficial site in the genome. In 311 simulations here, we have explicitly prevented this effect by fixing the ratio at 0.01, and 312 suggest more generally that in large genomes this quantity may be unlikely to change 313 appreciably before fitness declines to essentially zero.
314
Increasing U ben /U del can also be realized by compensatory mutations (for example, 315 [21] ), mutations that are neutral in the wild type but beneficial after certain deleterious 316 mutations have occurred. Note that this is positive epistasis, but among beneficial 317 mutations, which therefore doesn't incur the point of no return ( Fig 2C) , and instead 318 contributes to higher ratchet robustness. However, compensatory mutations are outside 319 the scope of the simple model examined here. here ratchet robustness decreases with mutation rate. However, results in Fig 4 show that mutational robustness provides short term fitness advantage, since, by definition, 328 increased mutational robustness means that mutations have less deleterious effect ( [1] ). 329
This effect results in populations becoming more susceptible to Muller's ratchet. 330 Importantly, even when mutational robustness is only available on small fraction of the 331 fitness landscape, populations are still blind to the long term perils of mutational 332 robustness ( Fig 4C) . For simplicity, in Fig 4, we constructed fitness landscape with two 333 domains, one of which only has negative epistasis, the other positive epistasis. However, 334 fitness landscapes in reality are highly unlikely to be composed of a few domains of 335 distinct mutational robustness ( [22] ). Nevertheless, our conclusion that populations will 336 favor the short-term advantage of mutational robustness in spite of the long-term 337 hazard of Muller's ratchet may apply to the local mutational neighborhood in which a 338 biological population finds itself on the landscape.
339
Importantly, a previous study ( [23] ) has shown that subdivision can protect 340 populations from myopic selection for mutational robustness. Because selection is more 341 effective at purging deleterious mutations in demes dominated by ratchet robust 342 individuals, net dispersal rates were higher from those demes, and the population in 343 total was thus enriched for such individuals in spite of the short-term disadvantage. We 344 predict that any population structure capable of hindering rapid fixation of mutational 345 robustness will help natural selection favor ratchet robustness. However, a detailed 346 survey of possible mechanisms is outside the scope of this study.
347
Widespread empirical observations of mutational robustness do 348 not necessarily demonstrate selection for mutational robustness 349 We find that mutational robustness is unlikely to be selected for in the long term at the 350 expense of ratchet robustness. However, mutational robustness is seen at many levels of 351 biological systems ( [24] ). For example, it has been observed that many proteins are 352 tolerant of single mutations, a finding taken as evidence for selection for mutational 353 robustness (e.g., [25] ). We note however that the existence of mutational robustness 354 need not imply selection for mutational robustness ( [26] [27] [28] ). Following others ( [7]), we 355 suggest instead that mutational robustness may often evolve as a correlated consequence of selection for environmental robustness, i.e. an organism's ability to sustain fitness against environmental perturbations. These perturbations can be 358 external, such as temperature or rainfall variation, or internal, such as thermal noises of 359 microenvironments inside an organism. In the presence of environmental noise, expected 360 reproductive success should be measured as average fitness under different environments 361 weighted by the probabilities of each environments appearing, while also considering 362 relative timescale between generation and environmental change ( [29] ). In most cases of 363 fluctuating environments, lineages with higher environmental robustness have higher 364 overall reproductive success, and environmental robustness will be selected for ( [30] ).
365
In fact, diverse mechanisms of achieving environmental robustness have evolved in 366 response to various forms of environmental perturbations. While an exhaustive survey 367 of this work is outside the scope of this study, the interested reader is directed to [24] . 368
Instead, our focus here is on the relationship between environmental and mutational 369 robustness. Theoretically and empirically, environmental robustness has been shown to 370
give rise to mutational robustness ( [7, 31, 32] ). For example, RNA molecules that can 371 sustain their secondary structure despite thermal noises also show mutational 372 robustness ( [33] [34] [35] ). Proteins that evolved to be robust against transcription errors 373 can also tolerate deleterious mutations ( [36] ). Consequently, selection for environmental 374 robustness can give rise to mutational robustness in nature, even if selection is unlikely 375 to favor mutational robustness per se.
376
Why can natural selection favor the evolution of environmental but not mutational 377 robustness? The key distinction is that mutational robustness requires tolerating 378 heritable perturbations, which inevitably alters the "starting point" of future 379 generations. Such heritable decay is intrinsic to Muller's ratchet. By contrast, selection 380 for environmental robustness entails non-heritable environmental perturbation.
381
Consequently, the short term advantage of environmental robustness is not offset by any 382 long term cost, accounting for the absence of an "environmental ratchet". In summary, 383 while mutational robustness may be widespread in nature, we suggest an alternative 384 interpretation for its evolution: namely as a correlated consequence of selection for 385 environmental robustness ( [7] ).
Previous theoretical studies on the evolution of mutational robustness 388 Interestingly, a few previous theoretical studies have uncovered the long-term cost of 389 mutational robustness ( [1, 37, 38] ), using different methods from ours. However, while 390 we interpret empirical evidence of mutational robustness as reflecting selection for behavior: at equilibrium mutational robustness declines with mutation rate (see Fig S5 417 in [39] encounter stronger and stronger selection while driven upward by selection, until halted 509 by the peak, and establish MSDE @p around the peak, where selection is the strongest. 510
Finally, the log-linear fitness landscape, or landscape with no epistasis, presents a 511 still subtler scenario, since log-linear fitness landscapes have no feedback between U del 512 and s. Thus at first glance, it seems that since selection is identical everywhere on the 513 landscape, critical U del at the peak should be the same as critical U del anywhere else.
514
This suggests that no MSDE n@p should exist in the absence of epistasis, since once 515 MSDE @p is no longer sustainable, mutation should overwhelm selection anywhere else 516 as well. However, as noted above, the genotype at the fitness peak uniquely lacks 517 beneficial mutations. Consequently critical U del at the peak is actually slightly lower 518 than critical U del anywhere else, allowing for existence of MSDE n@p at U del higher than 519 critical U del at the peak but lower than critical U del elsewhere. This effect can be seen 520
in Fig 1 A, line denotes w max e −U del (w max is fitness at the peak), whereas lower dashed line denotes average equilibrium fitness at generation 10,000 over five replicates, which 528 equals w s e −U del (w s is fitness of genotype one mutation away from the peak). This 529 shows that current U del exceeds critical U del at the peak, but is still lower than critical 530 U del everywhere else (see Discussion). effect results in increase in individuals at the negative epistasis region, which offsets 545 decrease in individuals at the negative epistasis region due to lower fitness (see Results). 546
